Motivated by the premise that superconductivity in iron-based superconductors is unconventional and mediated by spin fluctuations, an intense research effort has been focused on characterizing the spin-excitation spectrum in the magnetically ordered parent phases of the Fe pnictides and chalcogenides. For these undoped materials, it is well established that the spin-excitation spectrum consists of sharp, highly dispersive magnons. The fate of these highenergy magnetic modes upon sizable doping with holes is hitherto unresolved. Here we demonstrate, using resonant inelastic X-ray scattering, that optimally hole-doped superconducting Ba 0.6 K 0.4 Fe 2 As 2 retains well-defined, dispersive high-energy modes of magnetic origin. These paramagnon modes are softer than, though as intense as, the magnons of undoped antiferromagnetic BaFe 2 As 2 . The persistence of spin excitations well into the superconducting phase suggests that the spin fluctuations in Fe-pnictide superconductors originate from a distinctly correlated spin state. This connects Fe pnictides to cuprates, for which, in spite of fundamental electronic structure differences, similar paramagnons are present.
O ne of the greatest challenges posed by the recently discovered Fe-pnictide superconductors 1 is to identify the mechanism by which electrons pair when they condense into the superconducting state. Phonon-driven pairing, as for conventional superconductors, is counter-indicated by theoretical calculations 2 and the electron-phonon interaction is deemed too weak to directly account for the observed high critical temperatures of these materials. Phonon-induced orbital fluctuations were suggested to be responsible for the observed high critical temperatures T c , though no consensus on this has been reached so far 3, 4 . As superconductivity emerges for Fe pnictides in the vicinity of an antiferromagnetic (AF) ordered phase likewise as for cuprates, particular attention has, therefore, been given to spin fluctuations that emerge from the interactions between electron spins [5] [6] [7] [8] [9] [10] . For these to become operative in pairing electrons and to induce superconductivity, first the longrange magnetic ordering-the spin-density wave phase that is stable in the parent Fe pnictides-has to melt. The subsequent crucial question is how well defined the resulting spin fluctuations are, which directly relates to the strength of magnetic short-range order and coherence of its magnetic excitations.
In cuprates, for which magnetic properties are governed by strong superexchange interactions between localized spin-1/2 moments in a single Cu 3d x2 À y2 orbital, doping-induced melting of the AF ordered phase gives way to a highly correlated spinliquid state. This spin-liquid carries well-defined high-energy paramagnon modes, present also in optimally doped systems 11 . For the metallic Fe pnictides, a central debate of the field is whether the occurring magnetic instability is due to a nesting of hole and electron Fermi-surface pockets (weak coupling scenario), for which weak exchange interactions are enough to create long-range magnetic ordering 12, 13 . An alternative view is describing the magnetism of the parent Fe pnictides by a correlated spin state with large localized fluctuating magnetic moments having the key role (strong coupling scenario) 7, 14, 15 .
In the present study with resonant inelastic X-ray scattering (RIXS) at the Fe L 3 edge, we establish in optimally hole-doped Ba 0.6 K 0.4 Fe 2 As 2 (BKFA) the presence of well-defined and dispersive high-energy paramagnons. Their spectral intensity and width are comparable to the magnons of undoped AF BaFe 2 As 2 (BFA), reaching the energy of 150 meV at the Brioullin zone (BZ) edges. These paramagnon peaks reveal the presence of a distinctly correlated spin state in BKFA. Its existence connects the Fe-pnictide superconductors conceptually to the high-T c cuprates, where superconductivity also emerges in the presence of a pronounced paramagnon background 11 .
Results
Dispersive high-energy magnons in parent BFA. To measure spin excitations in parent BFA and superconducting BKFA Fepnictide samples, we employ RIXS, which has recently been established as a powerful probe of the dispersion of magnetic excitations in a wide energy-momentum window. Many studies on undoped parent cuprates have demonstrated the sensitivity of RIXS to single-magnon excitations 11, [16] [17] [18] [19] [20] [21] and collective orbital excitations 17 . Doped superconducting cuprates exhibit intense paramagnons, damped spin excitations over much of the BZ with dispersions and spectral weights closely similar to those of magnons in undoped AF ordered parent systems 11, 19 .
The BFA and BKFA samples used in our RIXS experiments are single crystals grown using the self-flux method 22, 23 . Resistivity and bulk magnetic susceptibility measurements demonstrate the high quality of all samples (see Supplementary Fig. S1 ). Figure 1a ,b displays the schematics of the RIXS experimental geometry, as well as the reciprocal space that can be reached with Fe L 3 RIXS. A typical Fe L 3 edge X-ray absorption spectrum of BFA is shown in Fig. 1c , in good agreement with a previous report 24 . In Fig. 1d ,e, a set of momentum-resolved Fe L 3 RIXS spectra of BFA using p polarized incoming light at (0, 0), (0.5, 0) and (0.35, 0.35) in the BZ are displayed. All these spectra exhibit intense Fe 3d fluorescence at around À 2 eV energy transfer, which has been observed in RIXS studies on other Fe pnictides 24 and chalcogenides 25 . In addition to these previous investigations 24, 25 , we reveal near the BZ edges well-defined momentum dispersive excitations centered around 200 meV next to the quasi-elastic peak in the vicinity of zero energy.
In Fig. 2a ,b, we show two sets of Fe L 3 RIXS spectra of BFA with the momentum transfer directed along two high-symmetry directions, (0, 0)-(1, 0) and (0, 0)-(1, 1). All RIXS spectra for both BZ directions display well-defined excitations within an energy range of 0-300 meV superimposed on the tail of the Fe 3d fluorescence. For high-momentum transfer q // , these excitations clearly separate from the quasi-elastic peak. Approaching the G point, the excitation intensity decreases and the energy position shifts towards the quasi-elastic peak. To quantitatively analyze these excitations, we subtract the fluorescence background employing the method introduced in Hancock et al. 25 and decompose the spectral response close to the quasi-elastic peak (see Supplementary Fig. S2 ). As demonstrated in Fig. 2c , the excitation at the zone boundary peaks at around 200 meV and contains a high-energy tail.
In Fig. 2d ,e, we show that the corresponding sets of excitations clearly disperse as a function of transferred momentum after subtraction of background and quasi-elastic peak. For the RIXS spectra excited with s polarized incoming light, the excitation intensity is slightly suppressed. Furthermore, the spectral weight is almost quenched when the incident energy moves away from the Fe L 3 resonance (see Supplementary Fig. S3 ). This observation is representative for single-magnon excitations as revealed with Cu L 3 RIXS for many cuprates 11, [16] [17] [18] [19] . Unlike the parent cuprates, which are long-range ordered AF Mott insulators, the Fe-pnictide parent compounds are AF ordered spin-density wave semi-metals with compensating electron-and hole-like Fermi-surface pockets involving several Fe 3d orbitals. Thus, charge excitations (electron-hole pair excitations) can fall in the same energy window as spin excitations 26 . However, the electron-hole continuum is expected to be temperature independent 27 . In contrast, our RIXS measurements clearly revealed that the sharp excitations in the AF phase become much less well defined in the paramagnetic phase, thereby strongly suggesting the magnetic origin of these excitations (see Supplementary Fig. S4 ).
Comparison of our RIXS data for the parent BFA with available inelastic neutron scattering (INS) results clearly shows that the inelastic X-ray response is dominated by magnetic excitations, which is not unexpected as in direct RIXS spin-flip scattering is strong 28, 29 . Fits to the inelastic response with an asymmetrical Lorentzian line shape convoluted with a Gaussian resolution function give a good description of the data 11 (see Supplementary Fig. S2 ). In Fig. 2f , we plot the dispersion of the RIXS peak energy position as a function of momentum transfer. To exclude the effect of sample-dependent variations, we confirmed these results with independent measurements on additional samples. On top of RIXS peak positions, we overlay the dispersion curve of spin excitations extracted from INS measurements on a BFA parent sample 30 (see Supplementary Discussion). The excellent agreement between INS and our RIXS data indicates on a simple phenomenological basis that indeed the dispersing excitations in the inelastic response are of magnetic origin. This conclusion is further supported by the fact that the line shape of the excitations can be well fitted using the formula describing the imaginary part of the dynamical spin susceptibility.
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms2428
Closer comparison with the INS study on parent BFA 30 demonstrates, furthermore, that our RIXS data show comparable half width at half maximum (HWHM) of the spin excitations, that is, damping (around 100 meV) at the zone boundary (see Fig. 4b ).
Persistent high-energy paramagnons in optimally hole-doped BKFA. Having demonstrated that Fe L 3 RIXS allows to measure the dispersion of spin excitations in the AF ordered state, we are well prepared to further explore how spin excitations evolve in the superconducting (SC) phase. We focus now on an optimally hole-doped BKFA superconductor (T c ¼ 39 K), for which highenergy spin excitations have not been reported so far. By performing the same measurements as for BFA, the two corresponding sets of RIXS spectra along (0, 0)-(1, 0) and (0, 0)-(1, 1) BZ directions of BKFA are obtained and displayed in Fig. 3a,b . Remarkably, similar to BFA, BKFA also shows pronounced and well-defined excitations persisting up to 150 meV. Because these follow the same polarization and incident energy dependences as parent BFA and appear as smoothly connected to the magnetic modes in BFA, we conclude that these excitations in BKFA are likewise of magnetic origin. These paramagnon excitations show clear dispersion along the two high-symmetry directions after subtraction of background and quasi-elastic peak (see Fig. 3c ). For fitting of the spectral profile, the same function as for parent BFA was used. Fitted peak energy, HWHM, and integrated spectral weight as a function of momentum transfer are summarized for parent BFA and superconducting BKFA in Fig. 4 .
To establish whether or not the observed spin excitations are exclusively linked to the system being in its SC state, we further carried out measurements in the normal state of BKFA. At 60 K, above the SC transition temperature of 39 K, paramagnon excitations are still well defined and comparable to the SC phase without losing intensity (see Supplementary Fig. S6 ). We note that a temperature-dependent INS study on electron-doped Ba(Fe 1-x Co x ) 2 As 2 (x ¼ 0.074) is consistent with our observation that the spin excitations remain unaltered across the T c (ref. 31) .
Discussion
From the comparison in Fig. 4a , it is noticeable that the spinexcitation energies in BKFA get softened relative to the ones in BFA. Softening of spin excitations upon doping has been observed in cuprates both in RIXS 11 and INS 32 studies. Moreover, doping induces damping of the spin excitations in cuprates because of the interaction with electron-hole excitations. Interestingly, doping of parent BFA does not create visible further damping of spin excitations (Fig. 4b) . The line width of around 100 meV HWHM is likely intrinsic, because it is nearly two and half times the total instrumental resolution of our RIXS experiment (HWHMB40 meV). The observed large broadening ARTICLE of spin excitations already in the parent pnictide differs significantly from the situation of the parent cuprates 11, 20 . In the latter case, the RIXS instrumental resolution defines the single-magnon line width because of the long magnon lifetime. The larger observed magnon line width in the parent Fe pnictide is, however, not unexpected because its spin excitations, despite being well defined, are essentially damped by the interaction with itinerant electrons due to its metallic nature 9, 30, 33 . Carrier doping into the SC state does not necessarily add further damping of spin excitations, consistent with our RIXS observation (Fig. 4b) . Such different damping behaviour of the spin excitations demonstrates that Fe pnictides indeed deviate in this point from the strongly localized antiferromagnetism in cuprates, which can be ideally described by the Heisenberg model. We further notice that the total spin-excitation spectral weight is largely preserved when crossing from the AF to the SC phase (Fig. 4c) . The same effect has been discovered in a RIXS study on the YBa 2 Cu 3 O 7-x family, where well-defined dispersive paramagnons are also present and their integrated spectral weight persist in parent, under-and slightly overdoped compounds 11 . Although pnictides and cuprates differ markedly in their Fermi-surface topology, pairing symmetry and localization of the electronic bands, similar behaviour in the high-energy spin excitations upon doping highly suggests the presence of pronounced short-range spin correlations in the Fe pnictides SC phase. Interestingly, similar fluctuating magnetic moments as in cuprates were recently revealed by INS measurements on electron-doped BaFe 1.9 Ni 0.1 As 2 , thereby indicating the importance of strong spin correlations for Fe-pnictide superconductors 34 . Our RIXS study proves that the strong coupling scenario, for which the magnetic fluctuations originate from a correlated spin state, is applicable for Fe-pnictide superconductors 7, 14, 15 .
Methods
Samples and experiments. The high-quality single crystals of BFA and BKFA used in the current study were grown by the flux method as described in Chen et al. 22 and Zhang et al. 23 High-resolution RIXS experiments were performed using the SAXES spectrometer at the Advanced Resonant Spectroscopy (ADRESS) beamline of the Swiss Light Source, Paul Scherrer Institut, Switzerland. The energy and momentum resolutions were 40 meV (HWHM) and 0.01 Å À 1 , respectively. Samples were cleaved in situ and measured in a working vacuum better than 5 Á 10 À 10 mbar. All samples were aligned with the surface normal (001) in the scattering plane. X-ray absorption was measured using the total electron yield method by recording the drain current from the samples. For RIXS measurements, linear polarized X-rays were used with the incident energy tuned to 708 eV at the L 3 -edge resonance of the Fe X-ray absorption spectrum. The absolute value of the total momentum transfer, |q|, was constant, because the scattering angle has been kept fixed at 1301. Momentum transfer in the a-b plane was sampled through changing the grazing incident angle. This procedure is justified by the negligible influence of the out-of-plane superexchange on the in-plane spin excitation dispersion (see Supplementary Fig. S5 ). All RIXS spectra were normalized to the integrated Fe 3d fluorescence intensity. The RIXS results have been reproduced for at least two samples of both parent and doped materials, respectively.
Fe 3d fluorescence background and quasi-elastic peak subtraction. In order to fit the Fe 3d fluorescence line, we applied the procedure introduced in the analysis of RIXS spectra from a FeTe compound with similar fluorescence contribution 24 :
In the above formula, o is the energy transfer, ae À ao represents the slope of the energy region above À 1 eV, be bo and ge co are exponential tails, whereas g G1;2 ¼ ðe À ðo À o1;2 Þ=G1;2 þ 1Þ À 1 gives rise to a smooth cross-over from the quasilinear to the exponential region with a width G 1,2 at the energy o 1,2 . The quasielastic peak is fitted with two energy resolution limited Gaussian functions ( Supplementary Fig. S2 ) accounting for elastic and phonon contributions.
Fitting of the spin excitations. The spin-excitation spectra in RIXS are fitted using the imaginary part of the system's spin susceptibility w 00 (q,o) (ref. 11). Because the spin excitations of the parent BFA are intrinsically broadened by the finite lifetime 30 , we use for the RIXS fitting an asymmetrical Lorentzian function convoluted by the Gaussian resolution function:
In the above, o q and G q stand for the peak energy and half width at half maximum of the spin excitation (that is, damping term), respectively. This formula is also employed for the fitting of the spin-excitation data from BKFA. Examples of the fitting procedure are given in Supplementary Fig. S2 .
Normalization and integration of spin excitations. All RIXS spectra are normalized to the integrated Fe 3d fluorescence intensity in an energy-transfer window of À 8 to À 1 eV. As the incident energy is always fixed at the Fe L 3 resonance, the Fe 3d fluorescence intensity can be used as reference for the normalization. For the integration of the spin-excitation spectral weight, we use an energy-transfer window of À 0.6 to 0.0 eV for all RIXS spectra. Below À 0.6 eV, the spectral weight from the spin excitations is negligible.
Calculation of the spin-excitation dispersion curve. For understanding the momentum dispersion of the spin excitations in the RIXS spectra, we compare the spin-excitation dispersion curve of the INS data of a BFA parent compound 30 with our RIXS results. The spin-dispersion curve from INS is reproduced using the same Heisenberg Hamiltonian consisting of effective in-plane nearest-neighbour (J 1a and J 1b ), next-nearest-neighbour (J 2 ) and out-of-plane (J c ) exchange interactions as in Zhao et al. 9 The dispersion relations are given by:
B q == ¼ 2S½J 1a cosðpHÞ þ 2J 2 cosðpHÞ cosðpKÞ þ J c cosðpLÞ ð4Þ
In the above relations, J s is the single ion anisotropy constant and q // is the reduced momentum transfer away from the AF zone center (1, 0, 1). (H, K, L) is defined as (q x a/2p, q y b/2p, q z c/2p) in which a ¼ 5.62 Å, b ¼ 5.57 Å and c ¼ 12.97 Å are the orthorhombic unit cell-lattice parameters in the spin-density wave phase. To calculate the dispersion curve for the momentum space covered in our RIXS experiment, we use the fitted exchange values from Harriger et al. 30 SJ 1a ¼ 59.2 ± 2.0, SJ 1b ¼ À 9.2 ± 1.2, SJ 2 ¼ 13.6 ± 1.0, SJ c ¼ 1.8 ± 0.3 meV and J s ¼ 1.0. L is fixed to 1.0 as only negligible dispersion contributes at the center for other L values. We also take into account the twinning of domains in obtaining the dispersion curves along both directions. As is shown in the main text, our RIXS data are in excellent agreement with the spin-excitation dispersion curve obtained from INS within error bars 30 . When sampling the in-plane momentum transfer q // by varying the incidence angle only, the out-of-plane value q perp is also changing. However, we verified in our analysis that the influence of q perp on the in-plane spin wave dispersion shows no difference at the boundaries and only a very small (o10 meV) dispersion at the center, which is negligible compared with our energy resolution (see Supplementary Fig. S5 ). 
